Methylmercury is an environmental toxicant that biomagnifies and causes severe neurological degeneration in animals. It is produced by bacteria in soils and sediments that have been contaminated with mercury. To explore the potential of plants to extract and detoxify this chemical, we engineered a model plant, Arabidopsis thaliana, to express a modified bacterial gene, merBpe, encoding organomercurial lyase (MerB) under control of a plant promoter. MerB catalyzes the protonolysis of the carbonOmercury bond, removing the organic ligand and releasing Hg(II), a less mobile mercury species. Transgenic plants expressing merBpe grew vigorously on a wide range of concentrations of monomethylmercuric chloride and phenylmercuric acetate. Plants lacking the merBpe gene were severely inhibited or died at the same organomercurial concentrations. Six independently isolated transgenic lines produced merBpe mRNA and MerB protein at levels that varied over a 10-to 15-fold range, and even the lowest levels of merBpe expression conferred resistance to organomercurials. Our work suggests that native macrophytes (e.g., trees, shrubs, grasses) engineered to express merBpe may be used to degrade methylmercury at polluted sites and sequester Hg(II) for later removal.
Mercury is among the most hazardous of the heavy metals (1), primarily because its charged species have great affinity for the thiol group on cysteine residues of proteins and other important biological molecules (2, 3) . Early studies demonstrated that mercury species inactivate metabolic enzymes and structural proteins (4, 5) . The strong interaction of mercury species with cellular ligands may also account for its tendency to accumulate in organisms. Organomercurials are 1-2 orders of magnitude more toxic in some eukaryotes and are more likely to biomagnify across trophic levels than ionic mercury [Hg(II)] (1, 6, 7). The biophysical behavior of organic mercury is thought to be due to its hydrophobicity and efficient membrane permeability.
Industrial and agricultural activities have released several hundred thousand tons of mercury into the biosphere during the past century (8) . The most notable ecological disasters have been caused by the efflux of mercury-contaminated wastes into semicontained fresh-and saltwater basins. Between 1956 and 1968 , widespread poisoning at Minamata Bay, Japan brought international attention to the hazards of mercury pollution. During this period, medical researchers discovered that high levels of monomethylmercury (CH 3 OHg ϩ ) in seafood were responsible for severe neurological degeneration in birds, cats, and humans (9). This mercury species, traced from Minamata Bay sediment to wastewater from a chemical manufacturing plant, is the principal form of mercury that accumulates in fish and biomagnifies in their predators (10, 11) .
Methylmercury has also been detected in lakes and estuaries into which only inorganic forms of mercury have been released. Microbes present in the sediment were found capable of processing Hg(II) to CH 3 OHg ϩ (12, 13) . Sulfate-reducing bacteria isolated from the aerobic-anaerobic interface of these sediments were later found to be the principal methylators (14, 15) . Using Desulfovibrio desulfuricans LS as a model system, methylcobalamin was identified as the intermediate in transferal of a methyl group from CH 3 -tetrahydrofolate to Hg(II) (16, 17) . Although sulfate-reducing bacteria manage to survive in the presence of methylmercury by converting it to less soluble products (18), they do not carry out these reactions efficiently enough to prevent harmful levels of methylmercury from leaching into the surrounding environment.
Mercury-resistant bacteria eliminate organomercurals by producing an enzyme, organomercurial lyase (MerB), that catalyzes the protonolysis of the carbonOmercury bond (19) . The products of this reaction are a less toxic inorganic species, Hg(II), and a reduced carbon compound.
These bacteria also synthesize a second enzyme, mercuric ion reductase (MerA), that catalyzes the reduction of the inorganic product, Hg(II), to a volatile and much less reactive elemental form, Hg(0) (20) . The enzymes are encoded by the merB and merA genes of the plasmid-borne, broad-spectrum mercury-resistance (mer) operon (21) . Both enzymes require a low molecular weight thiol-organic cofactor (e.g., cysteine, 2-mercaptoethanol) for in vitro activity and may require sulfhydryl-bound substrates (19, 20) . Although many governments now require companies to recover mercury from their sludge and liquid wastes, they have been less exacting regarding the cleanup of previously polluted landfills and waterways. This lack of resolve is due partly to the fact that the physical and chemical remediation techniques currently used to extract or immobilize mercury are extremely expensive, environmentally disruptive, and sometimes ineffective. A phytoremediation system, in which plants extract, sequester, and͞or detoxify mercury pollutants (22) , may be a more attractive solution. Besides being cost-effective, phytoremediation offers a promising alternative because plants naturally dominate most ecosystems, use solar energy, have large reservoirs of reducing power from photosystem I, have extensive root systems capable of extracting a variety of metal ions, and can stabilize and rehabilitate damaged environments (23, 24) . In a previous paper (7), we communicated that the expression of a modified bacterial merA9pe gene enables
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Arabidopsis thaliana plants to grow on toxic levels of Hg(II) by converting this species to elemental mercury. We now report that plants transformed with the bacterial merB gene express organomercurial lyase and grow on concentrations of phenylmercuric acetate or methylmercuric chloride that are lethal to their wild-type progenitors.
MATERIALS AND METHODS
Strains and Plasmids. The Escherichia coli strain SK1592 (FϪ, galϪ, thiϪ, supϪ, tonAϪ, hsdR4, endAϪ, SbcB15) was provided by Sidney Kushner (Univ. of Georgia) as a spontaneous T1 phage-resistant derivative of SK1590 (25) . The plasmid pDU202, which was used in metal ion-sensitivity disk assays, contains a narrow-spectrum mer operon (26) . This operon contains the merA, merD, merP, merR, and merT genes, but not merB. Accordingly, it confers resistance to Hg(II) but not to organomercurials (21) . The pBluescript II SK(Ϫ) (pB-SSKII) vector was obtained from Stratagene. The binary vector pVST I, designed for Agrobacterium-mediated plant transformations, was constructed by Malik and Wahab (27) .
Reconstruction of merB for Plant Expression. Mercuryresistance plasmids have been isolated from a variety of bacterial species and strains. One well characterized merB gene (GenBank accession no. U77087) is found on the broadspectrum resistance plasmid R831b (28) . This gene was subcloned on a 1.5-kb EcoRI fragment into pBR322 to make pCT12 (29) . The 214-codon merB gene was amplified by PCR using long synthetic primers that modified the merB flanking sequences as shown in Fig. 1 . The sense primer, merB5ЈS, consisted of the 57-nt sequence 5Ј-GCGGTCGGAT CCGA-ATTCGT CGACTAAGGA GGAGCCACAA TGAAGCT-CGC CCCATAT-3Ј and contained BamHI, EcoRI, and SacI cloning sites, a TAA stop codon to end the translation of an upstream ␤-galactosidase fusion protein in E. coli, a GGAGGA bacterial translation signal to assist expression in E. coli, an AGCCACA consensus sequence for plant translation (30) , an ATG start codon, and the first 18 nt of the merB coding sequence to prime the forward PCR reaction (7). The antisense primer, merB3ЈN, had the 43-nt sequence 5Ј-CGTAT-CGGAT CCGAATTCAA GCTTATCACG GTGTCCTAGA TGA-3Ј, with HindIII, EcoRI, and BamHI cloning sites and anticodons to the last seven merB codons to prime the reverse PCR reaction. PCR was carried out for 35 cycles with denaturing, annealing, and extending temperatures͞times of 95°C for 1 min, 42°C for 1 min, and 72°C for 1 min. The amplified fragment, merBpe, was cleaved in the f lanking BamHI and HindIII sites and ligated into the multilinker of pBSSKII to make pBSmerBpe. The pBSmerBpe construct was electroporated into a strain of SK1592 that had previously been transformed with pDU202. The same E. coli strain was also transformed with an empty pBluescript II SK(Ϫ) plasmid to serve as a control in metal ion-sensitivity filter disk assays (Table 1 ). The merBpe sequence was transferred from pBSmerBpe to the plant vector pVSTI (27) by using the 5Ј BamHI site and the 3Ј XhoI site in the Bluescript multilinker to create pVSTImerBpe.
Disk Assays. Phenylmercuric acetate (PMA; Sigma) and the chloride salt of methylmercury (CH 3 HgCl; Aesar) were prepared in DMSO or ethanol. Because of the extreme toxicity and membrane permeability of these chemicals, dry stocks and stock solutions were handled using protective clothing, eye protection, and 4H or Viton gloves (Fisher). All metal ionsensitivity filter disk assays were performed in the presence of ampicillin to maintain the pBSSKII plasmid and streptomycin to retain pDU202, as described in Rugh et al. (1996) . The data reported are the average results of several replicates, which, in all cases, varied by Ͻ1 mm.
Construction of Transgenic Plants. pVSTImerBpe was electroporated into an LBA4404 Agrobacterium tumefaciens strain (GIBCO͞BRL). Transformants were verified by using Southern blotting and grown up in YEP medium (10 g/liter Bacto peptone͞10 g/liter yeast extract͞5 g/liter NaCl) in the presence of streptomycin and kanamycin to maintain the T-DNA and pVSTI plasmids, respectively. Wild-type A. thaliana (ecotype RLD) were transformed with this A. tumefaciens strain using the vacuum infiltration procedure (31) .
Germination͞Growth Experiments. Wild-type (RLD), merA9pe (transgenic control) (7), and merBpe (B4 line) Arabidopsis seeds were sterilized, vernalized at 4°C for at least 24 h, and germinated on 1% Phytagar plates (GIBCO͞BRL) made with Murashige and Skoog (4.3 g͞liter, GIBCO͞BRL) medium containing PMA or CH 3 HgCl. Seedlings were grown at 22°C with a 16 h light͞8 h dark regime and photographed at 3-8 weeks.
Quantitative Northern Blot. Total RNA was prepared from transgenic and control plants (Ͼ15 seedlings per line) (32), resolved by electrophoresis on a 1% agarose͞formaldehyde gel, and blotted to a Biotrans nylon membrane (ICN) (33) . The membrane was probed with the 0.7-kb BamHI-XhoI merBpe fragment. [ 32 P]dATP was incorporated into the probe by using a random primer method to yield a specific activity of approximately 5 ϫ 10 8 cpm per g (34) .
Quantitative Western Blot͞Isolation of MerB-Specific mAbs. Crude protein was prepared from merBpe and control plants (15 seedlings per line) in a buffer containing 5 mM EDTA͞10 mM MgCl 2 ͞10 mM NaCl͞25 mM Tris⅐HCl, pH 7.5͞1 mM PMSF. Extracts were denatured by adding an equal amount of 2ϫ SDS sample buffer and boiling for 5 min and then were separated with SDS͞12%PAGE (35) . Resolved protein was electroblotted onto an Immobilon-P polyvinylidene fluoride membrane (Millipore). mAbs were prepared against MerB following the procedure developed by Kohler and Milstein (36) . Spleen cells were isolated from mice that had been immunized with a hexa(His)-tagged version of MerB prepared by Qiandong Zeng (Univ. of Georgia) and A.O.S. The hybridoma cell line 2H8 was found FIG. 1. PCR primers and strategy for modification of the merB gene. Two PCR primers were used to add synthetic flanking sequences to the merB gene that have elements necessary for bacterial and plant expression. The sense primer, MerB5ЈS, contained restriction endonuclease cloning sites, a TAA stop codon, bacterial (SD) and plant (PT) translation signals, an ATG start codon, and the first 18 nt of the merB coding sequence to prime the forward PCR reaction. The antisense primer, merB3ЈN, contained cloning sites, and 21 nt of anticodon sequence (covering the last seven merB codons) used to prime the reverse PCR reaction. 
RESULTS
The merBpe construct used to transform A. thaliana was modified from the original bacterial merB sequence by adding flanking regions containing consensus plant and bacterial translation signals as well as convenient restriction sites to facilitate cloning (Fig. 1) . Sequencing identified a single silent transversion at base pair 369 in the 642-bp coding region that probably occurred during the PCR amplification. To demon- (1999) strate that this clone made an active MerB enzyme, a metal ion-sensitivity filter disk assay was used to compare the growth of E. coli strains with and without the merBpe construct in the presence of organomercurial compounds. A strain carrying a narrow-spectrum mercury-resistance plasmid, pDU202, which confers resistance to Hg(II) but not organomercurials, was used as the recipient for either pBSmerBpe or an unmodified Bluescript plasmid. Bacteria expressing an active MerA enzyme from pDU202 and MerB enzyme from pBSmerBpe should eliminate organomercurials via a coupled reaction that produces Hg(0). As expected, the SK1592͞pDU202͞ pBSmerBpe strain grew much closer to filter disks with PMA or CH 3 HgCl than did the control strain ( Table 1 ), indicating that the modified merBpe produces an active organomercurial lyase.
The merBpe sequence was subcloned into the plant transformation vector, pVST I, which provides a constitutive promoter (CaMV 35S), nopaline synthetase (NOS) 3Ј termination and polyadenylation signals, and a selectable kanamycinresistance marker (NPT II). A. thaliana plants were transformed by using vacuum infiltration, and the T 1 generation seeds they produced were screened for kanamycin resistance. Seven resistant germinants were selected for further study and used to establish independent merBpe lines. T 2 progeny of the B4 line were tested for organomercurial resistance by germinating on medium containing PMA or CH 3 HgCl. As seen in Fig. 2 , the B4 seedlings grew vigorously in the presence of 2 M PMA ( Fig. 2 B and C) , producing strong shoots, round, deep-green leaves, and fully branched root systems. By contrast, RLD and merA9pe control seedlings flanking the B4 seedlings either failed to germinate or germinated, bleached white, and died within 2-3 weeks. merBpe Arabidopsis had a clear advantage over the control plants at concentrations between 0.1 and 5 M PMA or CH 3 HgCl (0.5 and 2 M are shown in Fig. 2 ), flowering and setting seed after 7-8 weeks. However, at 5 M CH 3 HgCl (data not shown), the merBpe seedlings and plants were clearly stressed, forming spindly shoots, lanceolate leaves, and relatively few lateral roots.
Independent transformants may vary with respect to steadystate RNA and protein levels because of differences in the genomic positioning and copy number of the transgene. Such variation commonly results from A. tumefaciens-mediated transformation (37) . Differences in expression levels were confirmed by Northern and Western blots shown in Fig. 3 . Total RNA samples from five merBpe lines and the RLD parent line were blotted and hybridized with a 32 P-labeled merBpe probe. A strong 700-bp mRNA band was detected in samples from the merBpe lines but not in those from RLD (Fig.  3A) . This is the size predicted from the sequence of the merBpe construct. Based on the normalized intensities of these bands, the levels of merBpe mRNA varied over an 11-fold range (Fig. 3C) .
MerB protein was assayed in crude extracts from six merBpe lines and RLD. Western blots were probed with the Mab 2H8 MerB-specific mAb that was prepared for this study (see Materials and Methods). The organomercurial lyase was detected in all transgenic lines (Fig. 3B ) and migrates at 28 kDa FIG. 3. Relative merBpe mRNA and MerB protein levels in independent transgenic plant lines. (A) merBpe mRNA levels. Five plant lines were tested for relative expression of merBpe mRNA by Northern blotting and probing with a 32 P-labeled BamHI-XhoI merBpe fragment. Approximately 10-15 g of total RNA prepared from Ͼ30 seedlings (2-to 3-cm plants) was loaded for each sample. merB mRNA was visualized, and the relative band intensities were quantified using a Molecular Dynamics PhosphorImager. To control for variation in loading and transfer, these values were normalized to levels of 18S rRNA (data not shown), determined by reprobing the filter with a oligonucleotide encoding the soybean 18S rRNA gene (42) . An 11-fold difference was detected between the highest expressing line, B1, and the lowest expressing line, B5. (B) MerB protein levels. Western blots were performed on total protein extracted from six merBpe plant lines using the MerB specific mAb, Mab2H8 (see Materials and Methods). Fifteen 3-to 4-cm seedlings were harvested for each sample. The protein-antibody complex was visualized on x-ray film using a horseradish peroxidase-based chemoluminescent detection system (Amersham Pharmacia). Relative amounts of MerB were measured by scanning the film with a Molecular Dynamics densitometer, integrating the intensities of the bands over their respective areas, and normalizing to total protein. Relative amounts of total protein were determined by quantifying the band intensities of a parallel gel stained with Coomassie blue (data not shown) on a densitometer. Values recorded for MerB are the averages of three experiments while those for total protein are the averages of two. All data reported for quantitative experiments described here are measurements of band intensities and reflect relative differences in expression between merBpe lines. The B1 sample was shown to have Ϸ14-fold more steady-state organomercurial lyase than the lowest expressing line, B3. (C) Relative mRNA and protein levels. A linear regression demonstrates that steady-state levels of mRNA and protein are correlated, confirming differences in merBpe gene expression and indicating that gene regulation is straightforward. The relative merBpe mRNA and MerB protein levels in independent transgenic lines (see Materials and Methods) were normalized to the level in the lowest expressing line in each category (B5, mRNA; B3, protein). The relevance of MerB expression levels to organomercurial resistance is discussed in the text.
Ecology: Bizily et al.
Proc. Natl. Acad. Sci. USA 96 (1999) relative to standards. MerB protein levels varied over a 14-fold range and correlated linearly with levels of merBpe mRNA (r 2 ϭ 0.955; Fig. 3C ). Independent repetitions of the Western blot confirmed the rank order of expression levels for the various lines shown in Fig. 3B . The strong correlation between mRNA and protein levels suggests that the transgene is not subject to unusual variations in posttranscriptional regulation. Given that merBpe confers resistance to organomercurials, we hypothesized that lines expressing more organomercurial lyase should grow faster on various levels of organic mercury (see Discussion). We looked for a relationship between growth rate and expression levels by germinating several merBpe lines on 1 M PMA (Fig. 2 H and I) . However, there were no observable growth differences among the merBpe lines that correlated with expression levels. Similar results were obtained at PMA concentrations between 0.1 and 1 M. Plants from the B1, B4, and B5 lines all appeared healthy, although they were slightly inhibited compared with unchallenged plants. One other line, B3 (data not shown) gave similar results. Plants from the B8 line with intermediate levels of gene expression grew poorly on PMA, yielding small, slow-growing seedlings with spindly, light green leaves. All lines tested, including a wild-type control, thrived on mercury-free agar plates, sprouting strong, deep green shoots and leaves.
DISCUSSION
A bacterial organomercurial lyase gene, merBpe, reconstructed with an upstream sequence typical of plant genes, enables transgenic plants to germinate and grow well on 0.1-2 M CH 3 HgCl, concentrations that retard or kill control plants. A simple interpretation of this result is that merBpe plants efficiently protonolyze organic mercury, producing a more tolerable mercury species, Hg(II). Consistent with this interpretation, we found that 0.5 M CH 3 HgCl or PMA was required to kill Arabidopsis seeds and seedlings as efficiently as 50 M HgCl 2 (7) . The greater toxicity of organic mercury relative to Hg(II) to eukaryotes is usually attributed to its hydrophobicity and to its tendency to coordinate with a counterion to form a neutral species (6, 38) . These characteristics enable organic mercury to pass through cell membranes and reach higher intracellular concentrations than externally applied Hg(II). Furthermore, eukaryotes possess membranerich organelles that may form localized sinks for organomecurial deposition (23) .
Considering that Hg(II) is generated by MerB within the cytoplasm in the presence of vulnerable cellular proteins, it remains paradoxical that merB plants tolerate more organic mercury than wild-type plants. We suspect that in the intracellular environment, the lipid solubility of organic mercury gives it access to membrane-bound eukaryotic organelles such as mitochondria and chloroplasts, where it may poison essential oxidative and photosynthetic electron transport chains more easily than Hg(II) (7, 23) . It is also plausible that cytoplasmic chelators, including phytochelatins and metallothioneins, bind and sequester Hg(II) in preference to the organomercurials. MerB expression would confer an advantage by making mercury available to these protective compounds. A challenging problem to future research on this phytoremediation system would be to quantify the cellular levels of CH 3 Hg ϩ and Hg(II) and identify the various compounds to which they are bound.
The Michaelis constants describing the reaction velocities of MerB acting on a variety of organomercurial substrates, including methylmercury and PMA, are very high (K m ϭ 0.5-3.3 mM) (19) , suggesting a relatively weak affinity for substrate. However, organomercurial resistance operates in environments and under experimental conditions with low substrate concentrations at which only a small fraction of the enzyme may be bound to organic mercury. Our motivation for generating and maintaining a variety of merBpe lines was to determine whether, at these low substrate concentrations, organomercurial resistance depends on the amount of MerB present in the cytoplasm. Although we detected up to 14-fold differences in MerB expression, we did not observe the direct relationship between enzyme levels and faster growth on medium containing organic mercury that would have been predicted by a simple steady-state model. Specifically, the lines with the most MerB protein were not more resistant to various organic mercury concentrations than those with lower but measurable MerB levels. Apparently, the abundance of MerB enzyme is not the limiting factor in organomercurial degradation. A reasonable explanation for this incongruity is that the reaction is limited by one of several kinetic parameters and is not functioning at steady state (39) . For example, in a living cell, the kinetics of the MerB-catalyzed reaction could be constrained by the rate of diffusion of organomercurial substrates from cellular membrane systems to sites of catalysis or by the rate of diffusion of the product, Hg(II), away from the enzyme.
The remediation of mercury-polluted sites has been slow because the chemical engineering technologies currently used to remove mercurials are expensive and disruptive. Excavation and roasting of soil is considered the ''best demonstrated treatment technology'' (40), but it is impractical for very large sites. Vitrification and concrete capping, which aim to stabilize mercury, render the site uninhabitable for plants, insects, and other organisms. An ideal treatment would degrade methylmercury, sequester other mercury forms, and help restore biological productivity. Our proposed strategy is to introduce engineered native plants that readily assimilate methylmercury and, by virtue of the merBpe gene, convert it into Hg(II). The plants would act as a biological filter, absorbing methylmercury from the sediment and water, and MerB would catalyze the protonolysis of the methylmercury as it enters plant cells. Hg(II) is 50 times less toxic to plants (this study and ref. 7) and lower animals (6, 38) and much less prone to biomagnification than methylmercury (1). Once formed, Hg(II) should accumulate in plant tissues. Plants could be harvested before Hg(II) reached toxic levels, and the mercury could be extracted or disposed of in a greatly reduced volume (41) .
The phytoremediation system we have proposed requires the eventual removal of plant material that has accumulated high levels of inorganic mercury. Some benefits to this approach are the ability to immobilize mercury without disrupting the environment and the opportunity to recycle mercury by extracting it from the harvested plants. The size and topography of many contaminated sites, however, may make harvesting economically unfeasible. We have previously reported on merA9pe transgenic plants that electrochemically reduce Hg(II) to Hg(0), a volatile form that escapes from plant tissues (7) . Judging by the phenotypes of independently transformed merA9pe and merBpe plants, plants made to express both genes simultaneously will be capable of converting methylmercury into Hg(0), thereby volatilizing it from their local environment. These plants would require very little maintenance and could theoretically be engineered to volatilize mercury at a rate that is safe and consistent with governmental regulations.
